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Abstract: 
All-d ielectric metamaterials composed of high index and low loss dielectric resonators have 
become a promising way for h igh-efficient optical devices. However, fabricat ing terahertz all-
dielectric metamaterials and actively tuning their properties still remain challenges. In this 
paper, an effective method has been developed to prepare high-quality microspheres based 
all-dielectric metamaterial operating in terahertz (THz) range. Then, we propose a 
magnetically tunable THz all-dielectric metamaterial based on liquid crystal (LC). The all-
dielectric metamaterial is immersed into LC and tuned by external magnetic field. We show 
that the induced Mie resonances can be effectively tuned by external magnetic field and the 
tunability is highly sensitive to the directors of applied magnetic field. A  good tunability 
performance is obtained for the first electric resonance. This work provides a new method for 
high-quality THz all-dielectric metamaterials and paves a promising way fo r tunable THz all-
dielectric metamaterial, which would find considerable applications in THz devices. 
 
Main Text: 
The term “metamaterials” or “metasurfaces” refers to artificially structured materials 
composed of arrayed subwavelength structures, which are engineered to obtain unusual 
electromagnetic properties in a desired frequency range. Unlike conventional materials, their 
electromagnetic properties are main ly determined by the geometrical parameters and packing 
arrangement of unit cells, rather than the material composition. Based on this feature, one can 
tailor their electromagnetic properties at  the subwavelength level. Consequently, v arious 
exotic properties like negative refract ive index [1], near- zero refract ive index [2] and 
extremely large refractive index [3], as well as considerable applicat ions including invisib ility 
cloak [4], superlens [5] and perfect absorber [6] are demonstrated at different spectral regions. 
Traditionally, subwavelength metallic structures like split ring resonators (SRRs), rods and 
disks are used as the building blocks of the metamaterials. However, although efforts have 
been made [7-9], reducing the serious Joule losses associated with the plas ma resonances still 
remains challenging. Recently, all-dielectric metamaterials have become increasingly  popular, 
which are composed of periodic or no periodic d ielectric resonators made of high index and 
low loss dielectric materials. W ith the advantages like low losses, simple configuration and 
good compatibility with standard microfabrication, all-d ielectric metamaterials have emerged 
as a promising and powerful p latform for manipulating electromagnetic waves ranging from 
microwave to optics. Over the past few years, substantial achievements have been obtained in 
the field o f optical all-d ielectric metamaterials and numbers of all-d ielectric metadevices 
including reflector [10-12],magnetic mirror [13], absorber [14,15], Huygens' metasuface [16-
18] and etc. have been designed and demonstrated.    
While optical all-d ielectric metamaterials have become a hot research spot, there is a 
small quantity of literatures reported in THz region, which is a unique and importan t spectral 
region with a mult itude of potential applications in imaging, wireless communicat ion, 
security detection, chemical identification, sensing and so on. The limited reports on all-
dielectric metamaterials in THz reg ion are main ly because the developed fabrications have 
difficulty to  seek a good balance between the precision and cost. To date, there are main ly 
three kinds of fabricat ion methods, including silicon deep etching method  [19-23], laser 
etching method [24] and spray granulation [25]. The most widely used method is silicon deep 
etching method, which is of high-precision, but suffers from h igh-cost and complex 
fabrication  process. As for direct  laser patterning method, it  features a fast approach to all-
dielectric metamaterial, but suffers from h igh-cost and blurring boundaries. Unlike the 
methods mentioned above, the cost-efficient of spray granulation method allows for the 
preparation of high-throughput ceramic spherical particles (such as titanium dioxide). 
However, these particles are difficu lt to be assembled, and thereby their applications are 
seriously limited. As a result, more simpler and practical method is highly desired.  
On the other hand, as for all-dielectric metamaterials, once the material and geometry are 
chosen, the corresponding optical responses are fixed, which would  restrict their p ractical 
applications. Driven by the desire to realize the active tuning or modulating the optical 
properties of all-dielectric metamaterials, various approaches, including phase-change-media-
based resonators [26-28], liquid crystals [29,30], flexib le substrates [31], thermo-optic effect 
[32,33], doping [34] and etc. have been proposed in optical range. However, tunable all-
dielectric metamaterials operating in  THz range are rarely reported. Some attempts have been 
made including thermally tunable all-d ielectric metamaterials based on strontium titanate rods 
and mechanically tunable all-dielectric metamaterials based on flexible substrates  [24, 35].  
Here, an effect ive method has been developed to prepare high-quality microspheres 
based all-d ielectric metamaterial operating in terahertz (THz) range. Then, we propose a 
magnetically tunable all-dielectric metamaterial in THz range based on liquid crystal (LC). 
We demonstrate that the Mie resonances induced in the all-d ielectric metamaterial can be 
tuned by external magnetic field and the tunability is highly sensitive to the directors of 
external magnetic field. A good tunability performance is obtained for the first electric 
resonance. We believe that the proposed method provides a promising way for tunable all-
dielectric metamaterial, which would find considerable applications in THz range. 
 
 
Fig. 1. (a)-(i) The fabrication process of all-dielectric metamaterial in THz range using template assistant method: (a) 
Standard cleaning process for silicon wafer. (b) Photoresist  film deposition. (c) Lithographic technology process. (d) 
Deep silicon etching technology. (e) Removing photoresist  film. (f) Filling of micro zirconia (yttria- stabilized) 
spheres. (g) Pasting of PI tape. (h) Peeling off. (i) Fabricated all-dielectric metamaterial. (j) The microscope picture 
of fabricated all-dielectric metamaterial. (k) The simulated (blue solid line) and measured (red dash line) transmission 
in THz range. The inserts are the simulated magnetic field intensity distribution for the first  and second resonances in 
x-z plane. 
 
Fig. 2. (a) The model of LC- based active all-dielectric metamaterial under magnetic field. (b) The orientation of 
LC molecules with and without magnetic field.  
 
   In our study, the zirconia (yttria -stabilized) spherical part icles are chosen as the building 
block of our metamaterial. By using inorganic sol–gel process, uniform zirconia (yttria-
stabilized) spherical particles with a diameter from 50 to 150 um can be readily prepared 
according to our prev ious work [35]. To obtain h igh-quality all-d ielectric metamaterial, a  
high-precision fabrication process, called template assistant method, is developed. The 
fabrication process flow can be seen in Fig. 1, which starts with the fabricat ion of silicon 
template. Firstly, the silicon substrate is cleaned by standard cleaning process (Fig. 1(a)). 
Then, 8 um thickness photoresist film is deposited on it (Fig. 1(b)) and developed with 
conventional lithographic technology (Fig. 1(c)). After that, by using inductively coupled 
plasma (ICP) etching machine, deep silicon etching technology is employed to obtain silicon 
template with hole arrays (Fig. 1(d)). The photoresist film is then removed (Fig. 1(e)) and the 
micro  zirconia (yttria- stabilized) spheres fill the holes (Fig. 1(f)). To transfer the spheres to a 
flexib le substrate, a polyimide (PI) tape is used to stick them (Fig. 1(g)). The PI tape is then 
peeled off (Fig. 1(h)) and a flexib le all-dielectric metamaterial is obtained (Fig. 1(i)). It is 
worth mentioning that the geometrical parameters and packing arrangement of micro zirconia 
spheres can be adjusted by fabricating proper hole arrays with corresponding geometrical 
parameters and packing arrangement. In our study, the lattice constants in x direction and y 
direction are the same, Px = Py = 210 um. The d iameter and height of the holes are 85 um and 
100 um, respectively. The uniform micro zirconia (yttria- stabilized) spheres with a diameter 
of 80 um, little  s maller than the one of holes, are chosen as dielectric resona tors. The 
thickness of PI tape is 50 um. The micrograph of fabricated all -dielectric metamaterial is 
shown in Fig. 1(j), where the uniform micro zirconia (yttria- stabilized) spheres are highly 
ordered arrayed along the x direction and y direction. 
The terahertz response of this metamaterial is measured by a photoconductive switch -based 
THz-TDS system [35]. In the measurement, the THz pulse passes through the sample under 
normal incidence and the polarizat ion direction is along x direct ion. For comparison, 
simulation based on commercial soft, CST Microwave studio, is performed to obtain the 
corresponding transmission property. In the simulation, the permittiv ity and loss tangent of 
zirconia (yttria- stabilized) spheres are set as 35 and 0.01, respectively. The measured and 
simulated results are plotted in Fig. 1(k), where two pronounced transmission dips for the 
simulated spectrum can be observed at 0.694 THz and 0.956 THz, respectively. The measured 
first two dips appear at 0.715 THz and 0.964 THz, respectively. The simulated result and 
measured one show good agreement. To give a deeper insight into these two transmission 
dips, simulat ions are carried out to obtain the corresponding magnetic field intensity 
distribution. As depicted by the inserts in Fig. 1(k), the resonances can be determined as the 
first magnetic resonance and first electric resonance, respectively. 
The magnetically tunable all-dielectric metamaterial is shown in Fig. 2(a), where the LC is 
sandwiched between two PI films (The top PI layer has not been shown here for 
simplification), and the all-dielectric resonators are immersed into LC. As is known, when the 
external magnetic field is large enough, the LC molecules are parallel to the magnetic field 
direction (Fig. 2(b)). Thereby, one can ad just the electromagnetic p roperty of this 
metamaterial by changing the direction or intensity of external magnetic field. In the 
experiment, the thickness of the LC layer is 300 um, while the one for the top PI layer and 
bottom PI layer is 50 um. A commercial LC, 5CB, is utilized in our study. To produce a 
uniform magnetic field, parallel Nd–Fe–B sintered magnets are used. The magnetic field 
intensity between these two magnets is measured as 2000 G, a value much larger than the 
threshold field (about 100 G) required to reorientate the LC nematic molecules. It is worth 
mentioning  that by adjusting the magnets, one can obtain a magnetic field with nearly 
arbitrary d irections except for the one along the direction of propagation of light (along z 
direction). To overcome this drawback, a solenoid is used to produce magnetic field  with 
direction along the z d irection. We use a permittiv ity tensor (εx, εy, εz) to describe the 
electromagnetic properties of LC. Here, the permittivity elements for the wave perpendicular 
and parallel to the orientation of the LC molecules  are ε⊥ and ε//, respectively. Assume that 
the LC molecules can be fully orientated by uniform magnetic field. When no external fields 
(magnetic field) is applied, the LC is an isotropic medium, which has a permittivity tensor 
expressed as (εi, εi, εi), where εi = (2ε⊥+ε//)/3. When the magnetic field is set along x direct ion, 
the permittiv ity tensor can be described as (ε//, ε⊥, ε⊥). When the magnetic field  is set along y 
direction, the permittivity tensor can be described as (ε⊥, ε//, ε⊥). 
 Fig. 3. (a) The simulated transmission of metamaterial with magnetic field and without magnetic field. (b) The 
enlarged drawing around the first  resonance. 
To predict the response of this metamaterial to the external magnetic field, simulations 
based on commercial software, CST Microwave Studio, are carried out. In the simulations, 
the THz beam with polarizat ion direct ion along the x direct ion passes through the sample 
under normal incidence. The complex permittiv ity of the PI is set as 3.0+0.001i. After 
reorientation, the LC has an ordinary  index of 1.59 (no) and an ext raordinary  index of 1.74 
(ne). When the LC becomes isotropic, the refractive index can be described by n i= (2no + ne)/3 
= 1.64. In our study, four cases are considered. Firstly, when no external magnetic field is 
applied, the LC is isotropic and its permittiv ity tensor can be described by (εi, εi, εi), where εi 
= ni
2
. The simulated transmission is plotted in  Figs. 3(a) and 3(b), where one can find that the 
existing of LC makes the first magnetic and first electric resonances shift to lower frequencies. 
The first transmission dip associated to the first magnetic resonance locates at 0.672 THz, 
while the second one associated to the first electric resonance occurs at 0.804 THz. When the 
external magnetic field is applied along x direct ion, the permittivity tensor is described by (ε//, 
ε⊥, ε⊥). A remarkable redshift of 0.023 THz, from 0.804 THz to 0.781 THz, can be observed 
for the electric resonance. However, the magnetic resonance has a slight blueshift of 0.001 
THz. When the external magnetic field is applied along y direction, the permittivity tensor is 
given by (ε⊥, ε//, ε⊥). The magnetic resonance shifts to a higher frequency of 0.674 THz (a 
blueshift of 0.002 THz), while the electric resonance moves to a higher frequency of 0.814 
THz (a blueshift of 0.010 THz). Finally, when the external magnetic field is applied along z 
direction, the permittivity tensor is described by (ε⊥, ε⊥, ε//). The magnetic resonance shifts 
from 0.672 THz to 0.668 THz (a blueshift of 0.004 THz), while the electric resonance moves 
to 0.813 THz (a b lueshift of 0.009 THz). As a result, as for magnetic resonance, a maximum 
tunability of 0.004 THz (from 0.672 THz to 0.668 THz) can be obtained when the direction of 
external magnetic field is  set along z direction. As for the electric resonance, a maximum 
tunability of 0.023 THz (from 0.804 THz to 0.781 THz) is achieved when the direction of 
external magnetic field is  set along x direction.  
Using a THz-TDS system, we have measured the influence of external magnetic field on 
the property of this metadevice. In the experiment, the results are measured about 30 s after 
the external magnetic field is applied to make sure that the LC molecules have been fully 
orientated. As plotted in Fig. 4(a), the measured results show good agreement with the 
simulated ones, confirming the feasibility of the aforementioned prediction. When no 
magnetic field is applied, the measured first magnetic resonance and first electric resonance 
appear at 0.689 THz and 0.808 THz, respectively. When magnetic field is applied along x 
direction, for the electric resonance, we experimentally  obtain a maximum tunability of 0.021 
THz (from 0.808 THz to 0.787 THz). A maximum absolute transmission modulation of 50.2 %  
(Fig. 4(b)) and a maximum modulation depth reaches 227% at 0.808 THz are obtained. As for 
magnetic resonance, we observe a maximum tunability of 0.003 THz (from 0.689 THz to 
0.686 THz) when the magnetic field is applied  along z direction. The tunability in the 
simulation is slightly better than the one in the experiment, which can be attributed to two 
main reasons. The first one is the fabrication. The second one is the imperfect orientation of 
the LC molecu les near the vicinity of resonators and PI films although strong magnetic field 
is applied.   
At this point, we have investigated the magnetic tunability of LC-based all-dielectric 
metamaterial by changing the orientation of the LC molecules  from isotropic state to an 
anisotropic one. In addition, strongly different tuning properties can be observed for the 
magnetic and electric resonances . As for practical applicat ions, better tunability can be 
obtained by changing the orientation from an  anisotropic state to another anisotropic one. 
This can be achieved by changing the direction of external magnetic field. For example, as for 
magnetic resonance, a maximum tunability of 0.006 THz (from 0.674 THz to 0.668 THz) can 
be observed when the direction of external magnetic field changes from z d irect ion to y 
direction. We also calculate the absolute transmission modulation in such case, where a 
maximum absolute transmission modulation of 20% is achieved at 0.674 THz. As for the 
electric resonance, a maximum tunability of 0.033 THz (from 0.814 THz to 0.781 THz) is 
obtained when the direction of external magnetic field changes from y  direct ion to x direct ion. 
Importantly, we observe a maximum absolute transmission modulation of 70 % at 0.781 THz. 
Experimentally, the maximum tunability of electric resonance is 0.036 THz (from 0.823 THz 
to 0.787 THz), while the one of magnetic resonance is 0.003 THz. A  tuning figure of merit 
(FOM) is introduced to quantify the resonance switching, which is given by: 
tuning range (THz)
FOM
FWHM (THz)

                                      (1)                                                                                                  
Here, FWHM is the full width at half maximum of the resonance. The larger FOM is, the 
better tunability is. Here, the FOM for the electric resonance reaches 0.9, suggesting the good 
magnetical tunability of this metadevice. Note that the tunability can be improved through 
optimization.  
 
 Fig. 4. (a) The measured transmission of metamaterial with magnetic field and without magnetic field. (b) The 
calculated absolute transmission modulation. (c) The calculated modulation depth. 
In conclusion, a magnetically tunable all-dielectric metamaterials in THz range based on 
liquid  crystal (LC) has been proposed and demonstrated. An effective method has been 
proposed to prepare high-quality  all-d ielectric metamaterial. The resonances can be 
effectively tuned by external magnetic field and the tunability is highly sensitive to the 
directors of magnetic field. A good tunability performance has been demonstrated for the first 
electric resonance. This work prov ides a promising way for tunable all -dielectric 
metamaterial, which would find considerable application in THz range. 
 
Funding     
This work is supported by the 111 project（NO.B17007）and Director Funds of Beijing Key 
Laboratory of Network System Architecture and Convergence. Fundamental Research Funds 
for the Central Universit ies (2018XKJC05), China Postdoctoral Research Foundation (Grant 
No. 2017M620693).   
 
1. D. R. Smith, J. B. Pendry, and M. C. K. Wiltshire, "Metamaterials and Negative Refractive Index," Science 305, 
788 (2004). 
2. M. Silveirinha, and N. Engheta, "Tunneling of electromagnetic energy through subwavelength channels and bends 
using epsilon-near-zero materials," Phys. Rev. Lett. 97, 157403 (2006). 
3. M. Choi, S. H. Lee, Y. Kim, S. B. Kang, J. Shin, M. H. Kwak, K. Y. Kang, Y. H. Lee, N. Park, and B. Min, "A 
terahertz metamaterial with unnaturally high refractive index," Nature 470, 369 (2011). 
4. D. Schurig, J. Mock, B. Justice, S. A. Cummer, J. B. Pendry, A. Starr, and D. Smith, "Metamaterial 
electromagnetic cloak at microwave frequencies," Science 314, 977-980 (2006). 
5. J. B. Pendry, "Negative refraction makes a perfect lens," Phys. Rev. Lett. 85, 3966 (2000). 
6. N. Landy, S. Sajuyigbe, J. Mock, D. Smith, and W. Padilla, "Perfect metamaterial absorber," Phys. Rev. Lett. 100, 
207402 (2008). 
7. J. B. Khurgin, and G. Sun, "Practicality of compensating the loss in the plasmonic waveguides using 
semiconductor gain medium," Appl. Phys. Lett. 100 (2012). 
8.  P. R. West, S. Ishii, G. V. Naik, N. K. Emani, V. M. Shalaev, and A. Bo ltasseva, "Searching for better plasmonic 
materials," Laser Photon. Rev. 4, 795-808 (2010). 
9.  J. B. Khurgin, "How to deal with the loss in plasmonics and metamaterials," Nat. Nanotechnol. 10, 2-6 (2015). 
10. P. Moitra, B. A. Slovick, W. Li, I. I. Kravchencko, D. P. Briggs, S. Krishnamurthy, and J. Valentine, "Large-
Scale All-Dielectric Metamaterial Perfect Reflectors," Acs Photonics 2 (2015). 
11. P. Moitra, B. A. Slovick, Z. Gang Yu, and S. Krishnamurthy, "Experimental demonstration of a broadband all-
dielectric metamaterial perfect reflector," Appl. Phys. Lett. 104, 171102-171102-171105 (2014). 
12. B. Slovick, Z. G. Yu, M. Berding, and S. Krishnamurthy, "Perfect dielectric-metamaterial reflector," Phys. Rev. 
B 88, 5514-5518 (2013). 
13. D. A. Bender, I. Brener, J. Ginn, J. B. Wright, J. R. Wendt, J. F. Ihlefeld, M. B. Sinclair, P. G. Clem, S. 
Campione, and S. Liu, "Optical magnetic mirrors without metals," Optica 1, 250-256 (2015). 
14. N. O. Länk, R. Verre, P. Johansson, and M. Käll, "Large-Scale Silicon Nanophotonic Metasurfaces with 
Polarization Independent Near-Perfect Absorption," Nano Lett. 17 (2017). 
15. C. Y. Yang, J. H. Yang, Z. Y. Yang, Z. X. Zhou, M. G. Sun, V. E. Babicheva, and K. P. Chen, "Nonradiating 
Silicon Nanoantenna Metasurfaces as Narrow-band Absorbers," Acs Photonics (2018). 
16. Y. F. Yu, A. Y. Zhu, R. Paniagua‐Domínguez, Y. H. Fu, B. Luk'Yanchuk, and A. I. Kuznetsov, "High‐
transmission dielectric metasurface with 2π phase control at visible wavelengths," Laser Photon. Rev. 9, 412-418 
(2015). 
17.  M. I. Shalaev, J. Sun, A. Tsukernik, A. Pandey, K. Nikolskiy, and N. M. Litchinitser, "High -Efficiency All-
Dielectric Metasurfaces for Ultracompact Beam Manipulation in Transmission Mode," Nano Lett. 15, 6261 (2015). 
18.  M. Decker, I. Staude, M. Falkner, J. Dominguez, D. N. Neshev, I. Brener, T. Pertsch, and Y. S. Kivshar, 
"High‐Efficiency Dielectric Huygens’ Surfaces," Adv. Opt. Mater. 3, 813-820 (2015). 
19.  C. Ouyang, C. Hu, H. Zhang, J. Han, J. Gu, M. Wei, Q. Wang, Q. Xu, W. Zhang, and X. Zhang, "Polarization-
independent all-silicon dielectric metasurfaces in the terahertz regime," Photonics Res. 6, 24 (2017). 
20.  D. Headland, S. Nirantar, W. Withayachumnankul, P. Gutruf, D. Abbott, M. Bhaskaran, C. Fumeaux, and S. 
Sriram, "Terahertz Magnetic Mirror Realized with Dielectric Resonator Antennas," Adv. Mater. 27, 7137 (2015). 
21.  Z. Ma, S. M. Hanham, P. Albella, B. Ng, H. T. Lu, Y. Gong, S. A. Maier, and M. Hong, "Terahertz All-
Dielectric Magnetic Mirror Metasurfaces," Acs Photonics 3 (2016). 
22.  J. Y. Suen, K. Fan, W. J. Padilla, and X. Liu, "All-dielectric metasurface absorbers for uncooled terahertz 
imaging," Optica 4, 601 (2017). 
23.  I. V. Shadrivov, K. Fan, W. J. Padilla, and X. Liu, "Experimental realization of a terahertz all-dielectric 
metasurface absorber," Opt. Express 25, 191 (2017). 
24.  H. Němec, P. Kužel, F. Kadlec, C. Kadlec, R. Yahiaoui, and P. Mounaix, "Tunable terahertz metamaterials with 
negative permeability," Phys. Rev. B 79, 241108(R) (2009). 
25.  H. Němec, C. Kadlec, F. Kadlec, P. Kužel, R. Yahiaoui, U. C. Chung, C. Elissalde, M. Maglione, and P. 
Mounaix, "Resonant magnetic response of T iO2 microspheres at terahertz frequencies," Appl. Phys. Lett. 100, 489 
(2012). 
26.  C. H. Chu, M. L. Tseng, J. Chen, P. C. Wu, Y. H. Chen, H. C. Wang, T. Y. Chen, W. T. Hsieh, H. J. Wu, and G. 
Sun, "Active dielectric metasurface based on phase‐change medium," Laser Photon. Rev. 10, 986-994 (2016). 
27.  P. Li, X. Yang, T. W. Maß, J. Hanss, M. Lewin, A. U. Michel, M. Wuttig, and T. Taubner, "Reversible optical 
switching of highly confined phonon-polaritons with an ultrathin phase-change material," Nat. Mater. 15, 870 (2016). 
28.  A. K. Michel, D. N. Chigrin, T. W. Maß, K. Schönauer, M. Salinga, M. Wuttig, and T. Taubner,  "Using low-loss 
phase-change materials for mid-infrared antenna resonance tuning," Nano Lett. 13, 3470 (2013). 
29.  A. Komar, Z. Fang, J. Bohn, J. Sautter, M. Decker, A. Miroshnichenko, T. Pertsch, I. Brener, Y. S. Kivshar, and 
I. Staude, "Electrically tunable all-dielectric optical metasurfaces based on liquid crystals," Appl. Phys. Lett. 110, 
071109 (2017). 
30.  J. Sautter, I. Staude, M. Decker, E. Rusak, D. N. Neshev, I. Brener, and Y. S. Kivshar, "Active tuning of all-
dielectric metasurfaces," Acs Nano 9, 4308 (2015). 
31.  P. Gutruf, C. Zou, W. Withayachumnankul, M. Bhaskaran, S. Sriram, and C. Fumeaux, "Mechanically Tunable 
Dielectric Resonator Metasurfaces at Visible Frequencies," Acs Nano 10, 133 (2016). 
32.  M. Rahmani, L. Xu, A. E. Miroshnichenko, A. Komar, R. Camacho-Morales, H. Chen, Y. Zárate, S. Kruk, G. 
Zhang, and D. N. Neshev, "Reversible Thermal Tuning of All‐Dielectric Metasurfaces," Adv. Funct. Mater. 27, 
1700580 (2017). 
33.  P. P. Iyer, M. Pendharkar, C. J. Palmstrøm, and J. A. Schuller, "Ultrawide thermal free-carrier tuning of 
dielectric antennas coupled to epsilon-near-zero substrates," Nat. Commun. 8 (2017). 
34.  T. Lewi, P. P. Iyer, N. A. Butakov, A. A. Mikhailovsky, and J. A. Schuller, "Widely tunable infrared antennas 
using free carrier refraction," Nano Lett. 15, 8188-8193 (2015). 
35.  C. Lan, K. Bi, B. Li, Y. Zhao, and Z. Qu, "Flexible all-dielectric metamaterials in terahertz range based on 
ceramic microsphere/ PDMS composite," Opt. Express 25, 29155 (2017). 
 
